A one-dimensional hybrid satellite track model has been developed to calculate the highlatitude thermospheric/ionospheric structure below the satellite altitude using Dynamics Explorer 2 (DE 2) satellite measurements and theory. This model is based on Emery et al. (1985) satellite track code but also includes elements of Roble et al. (1987b) 
Introduction
Comprehensively instrumented satellites have been used to study high-latitude thermosphere and ionosphere processes for a number of years. The Dynamics Explorer 2 (DE 2) satellite, in particular, was instrumented to measure auroral particles and fields, as well as neutral atmospheric and ionospheric parameters within the high-latitude thermosphere. These measurements have greatly improved our understanding of the various physical processes in this region. However, a significant gap in knowledge and understanding still exists in the
Model
The earlier version of the satellite track model was described in detail by Emery et al. [1985] . Briefly. it uses DE 2 measurements of energetic electron spectra in an auroral code to determine the particle ionization rates. The measured ion drifts and electron densities at satellite altitude, as well as a model of solar flux, are also used as model inputs. The profile of electron and ion densities, temperatures, conductivities and Joule heating rates, as well as particle and solar heating rates, are calculated from theseinputs in a neutral atmosphere modified to reproduce the measured temperature and O/N 2 ratio at the satellite altitude.
We have extended the Emery et al. satellite track code using a hybrid approach. In this scheme, we utilize the global mean thermosphere/ionosphere code of Roble et al. wavelength bands and emission fines. These wavelengths have been specified by Torr et al. [1979] and Torr and Torr [1985] along with the effective absorption and ionization cross sectious. This parameterized version of the solar flux is used in the global mean model and is adopted in our model to calculate the photoionization rate with some modifications for calculating the solar zenith angle at each position along the satellite track. The ionization caused by secondary photoelectrons is also calculated in our model using the analytical expression of Richards and Tort [1988] .
The auroral ionization rates are calculated following the method of Rees [1963 Rees [ , 1969 . The electron flux needed in this calculation is determined from the low-altitude plasma instrument (LAPI) measurements. The calculated auroral ionization rate at each altitude and latitude below a satellite track is added to the photoionization rate to determine the total ionization rate for the calculation of ion and electron densities.
The one-dimensional O + diffusion equation derived by
Roble et al. [1987b]
is solved in a vertical constant pressure surface coordinate system, using the calculated total ionization rates. This veaical coordinate system consists of 13 pressure levels ranging from approximately 97 to 600 Ion. The use of a pressure coordinate system insures that the normalized ionization rates determined from the DE 2 electron flux spectra are independent of atmospheric model parameters [Fuller-Rowell and Evans, 1987] . The upper boundary conditions of this equation are determined by the DE 2 electron density measurements, with an assumption that O + is the dominant ion at the satellite altitude. The lower boundary condition assumes photochemical equilibrium.
The one-dimeusional O + diffusion equation solved here does not include the horizontal transport.
In the E and F l region the neglect of horizontal transport is justified because photochemical time constants are fast compared to the transport time constant. In the F 2 region, however, horizontal transport can have an important influence on the O+ and hence on the electron density distributions. Because NO +. O2 +, and N2 + are much shorter lived, photochemical equilibrium is assumed throughout the thermosphere for lhese species. Their distribution is thus calculated using a photochemical equilibrium code developed by Roble et al. [1987b] . By combining the production and loss terms of these species, a fourth-order equation for electron density may be derived. [Spencer et al., 1981] . In addition to these instruments, the Langmuir probe (LANG) [Krehbiel et al., 1981] and the neutral atmosphere composition spectrometer (NACS) [Carignan et al.. 1981] measure the electron density, temperature and neutral constituent abundance. The magnetic fields are measured by the DE 2 magnetometer (MAG-B) [Farthing et al., 1981] . Figure 1 shows a summary of observed plasma and neutral gas parameters which are plotted as a function of universal time for a DE 2 pass (orbit 1222 The electron precipitation flux along the DE 2 track was measured by LAPI. Plate la shows the downward electron energy flux averaged over pitch angles from 0°to 90°. These fluxes are detected from the LAPI instrument in the energy range from the 5 eV to 31 keV. The increase of electron flux is seen both in the morning and the evening auroral regions. A large scale precipitation enhancement exists in the evening auroral zone, while in the morning auroral region there are only some discrete auroral ares. The energetic electron precipitation in the polar cap is found to be very small. These measured electron flux spectra are used to determine the auroral ionization rate below the satellite orbit as described earlier.
4.
Model Calculations z_ae and polar cap but demonstrate larger differences in velocities in the dawn convection channel where the neutral winds move in the opposite direction in the higher latitude regions and respond only moderately to the strong sunward ion flow in the lower latitude region. In response to these large velocity differences, the ion temperature shows large increases (~10130 K) in the dawn convection channel. These increases are caused by enhanced frictional heating.
The VSH model ofKilleen et al. [1987] was used to provide
neutral wind profiles below the satellite orbit during an active geomagnetic period. 
The calculated panicle ionization rate is shown in Plate lb
as a function of altitude in the satellite orbit plane. This ionization rate is derived from the LAPI instrument. Two regions of intense ion production are found in the morning and evening auroral ovals. These enhancements in the ion production rate are mainly caused by the energetic particles that are observed in the auroral regions. Hard electrons have enough energy to penetrate into the lower thermosphere and produce enhanced ionization in the E region, with maximum rates of 3.0x104 cm "3 and 2.6x104 cm "3 near 115 km in the morning and evening auroral region respectively. The polar cap is characterized by a soft panicle drizzle. These particles produce less intense ionization in this region. In addition to this particle ionization, the solar photoionization production rate must be taken into account, since a part of this orbit is in the sunlit polar cap. Plate ld shows the total ionization rate which combines the ion production rate from these two sources. The morning auroral oval is sunlit, therefore solar photoionlzation dominates most of the ion production in the F region. Panicle precipitation is only important within the E region where few solar photons penetrate. In the evening auroral zone, however, particle precipitation dominates the total ion production rate at all altitudes below the satellite orbit. Within the polar cap, the ionization rate is controUed by solar photoproduction again. The total ionization rate is used as an input to determine the electron and ion densities in the satellite track model. Plate lc illustrates the calculated electron density below the satelLite orbit. Energetic particles in the auroral region enhance the electron density at lower altitudes (E region) with a peak electron density of~4.4x105 cm "3 at 115 km near 72°S geographic latitude. The electron density in the evening auroral zone is highly irregular due to the dominance of panicle pre- cipitation. It is clear that there exists a definite correlation between the enhancement of particle precipitation in the auroral region and the increase of the electron density in the lower thermosphere. In contrast to the particle-dominated auroral regions, the electron distribution in the polar cap is less irregular, increasing with decreasing solar zenith angle. Electron and ion temperatures are depicted in Figures 3 and   4 , respectively. The electron and ion temperatures vary smoothly in the satellite orbit plane except in the auroral regions. Outside the auroral regions, the ion temperature is lower than the electron temperature at higher altitudes, indicating that energy is transferred from the electrons to the ions through Coulomb collisions in these regions. However, inside the auroral oval, the ion temperature becomes highly structured and can even exceed the electron temperature. This occurs because the ion temperature responds directly to the Joule heating, thus leading to the increase in magnitude.
The electron and ion temperatures and densities discussed Pedersen conductivities have more irregular structures, with amplitudes between 5 and 18 mhos. The height-integrated Hall conductivity is larger than the height-integrated Pedersen conductivity in the auroral regions, reflecting the harder auroral particle precipitation which produces ionization in the lower E region rather than at higher altitude where Pedersen conductivity dominates.
The calculated Joule heating rates in the satellite orbit plane are shown in Plate 2d. The largest Joule heating rate occurs in the morning auroral region where large ion drifts are observed (Figure 1 ). The maximum rate is about 6x10"6 ergs/cm3s at 125 km near 67°S. Another enhancement ix,Joule heating is found in poleward of this auroral region, corresponding to the region of large velocity shear between the neutrals and the ions. The frictional heating resulting from the ion-neutral velocity difference ellhane_ the Joule heating rate, which reaches a peak value of about 10 -6 ergsAn3s at 125 kin. Another enhancement is located in the evening auroral region with a smaller magnitude. The Joule heating rate is smaller in the polar cap than in the auroral zone because the neutral wind moves in the same direction as the ion drift in this region, which reduces the frictional heating rate. Figure 2 may have a significant effect on the electron density and Joule Figure 2 and run our model with the input specified at a point in the auroral region.
The factor of 2 difference in [O] density seen in
A decrease in electron density by as much as 30% is observed at the F 2 peak. However. little change is found in the region below 220 kin. Since the Joule heating rate peaks in the lower thermc_phere and decreases rapidly with the increase of altitude, this change is less important to the height integrated Joule heating rate (in this case it is less than 5%).
The neutral gas heating rate due to particle precipitation is shown in Plate 2e. The particle laeating rate is obtained by multiplying a neutral heating efficiency for auroral particle precipitation given by Rees et al. [1983, Hgure 7 ] to the auroral ionization rate shown in Plate lb. Neutral heating efficiency has a value of about 55% up to an altitude of 200-250 km and then decreases above this altitude. The particle heating rate is considerably smaller than the Joule heating rate in most regions below the satellite orbit, but is important in the auroral regions where it can even exceed the Joule heating rate below 100 kin. The neutral gas heating rates discussed here will be used in the next section to study the electrical energy budget below the satellite orbit.
Poynting Flux and Joule Heating
The study of the electrical energy budget in the lower thermosphere/ionosphere is critically dependent on the electrical energy exchange rate between this region and the magnetosphere. In most cases, the magnetosphere/solar wind dynamo is a source of electric energy to the high-latitude thermosphere/ ionosphere. Some of this energy is dissipated in the lower thermosphere by Joule heating. The rest is converted into neutral 5J/r---- Figure 7 illustrates the model-calculated height-integrated energy conversion rate below the satellite orbit. This conversion rate is determined by integrating the local energy transfer rate defined as J. F_over altitude below the satellite orbit, where the electrical current J is calculated by
J = o" (E + UxB)
The electrical field E is derived from the ion drifts and magnetic field measurements along the satellite orbit. We have assumed that this electric field can map down to the lower thermosphere along the magnetic field fines. The neutral wind U is of electron density in the polar cap due to the lack of transport effects in our one dimensional model. The antisunward ion drifts in the polar cap would move the daytime electron density into the nightside ionosphere, resulting in an increase in electron density in the satellite orbit plane which is located near the solar terminator. This transport effect is less pronounced in the auroral regions because the particle-enhanced electron density peaks at lower altitudes where transport is less important. Another contribution factor comes from the errors in determining the Poynting flux, which is relative larger for small values of the electric and perturbation magnetic fields, and at best is known to within about 15 percent. A discussion of the error involved in determining the Poynting flux from DE 2 is given by Gary et al, (submitted manuscript, 1994) . Finally, the disagreement between VSH and DE 2 neutral wind in the polar cap (Figure 2) may also contribute to this difference. In general, the degree of agreement shown in this comparison gives us confidence in the extended satellite track code, allowing the model to be used to study the relative importance of the Joule heating rateand Lorentzenergytransfer ratebelow thesatellite track.
The height-integrated Joulebeating rateisshown inFigure 8.The Jouleheating rateissimilar inmagnitudetotheenergy conversionrateintheauroral regions, indicating thatmost of the electromagnetic energy imposed from the magnetosphere in these regions is dissipated by Joule heating in the lower thermosphere, and that only a small part of this energy is converted into the neutral mechanical energy through Lorentz energy transfer. Figure 9 shows the ratio of the calculated height-inte- 
An Overflight of Chatanika Site
In the previous section, we compared our model predictions with the satellite-measured Poynting flux. Another way to test these model predictions is to compare them with ground based
observations. An overflight of the incoherent scatter radar facilities at Chatanika (65.1°N, 147.5°W) has provided such an opportunity to carry out a detailed comparison between the model calculations and radar measurements. The geometry of thesatellite passover Chatanika, Alaskaisillustrated in Figure  I0 .For this closeconjunction, thesatellite was atan altitude of 740 km (orbit 1586).moving along the 146°W meridianat 1635 LIT on November 18, 1981. The overflight occurred duringsouthwardIMF conditions, witha Kp of 3+.
The electron fluxspectra measured by theLAPI instrument on theDE 2 satellite at1634:56UT isdisplayedinFigure11.
Thismeasurement was takenintheauroral regions where particle precipitation is strong. At this time the satellite was at about the geographic latitude of Chatanika but was about 2°o ff in longitude. The data were averaged over 8 seconds, which covers about 64 km. The variability of the spectra shape at different pitch angles is relatively small, thus implying an isotropic distribution. The maximum electron flux is about 10 7 (1/ cm2-s-ev-str) at lower energy. At higber energy, there axe soma [19851. Thisunderestimation maybecaused bytheuseof a neutral atmosphere model, which has limited accuracy in the auroral regions during active geomagnetic conditions. It may also be explained by the changes of minor neutral constituents such as NO. In our model, we have only used the global mean value of the NO density. However, the NO density will increase significantly from its mean level in the auroral region due to the increases in the N 2 dissociation rate resulting from intense partitle precipitation [Roble, 1992] .
In the F-region, the model electron density is substantially higher (about 50%) than that of the radar measurements. Several factors contribute to this disagreement.
First, as the altitude increases, horizontal transport effects become important. Since this overflight occurred on the equatorial side of the morning auroral oval, the convection is more likely to be in the sunward direction. The transport effect therefore would tend to move the lower electron density in the dark ionosphere into the morning auroral region, resulting in a decrease in electron density in this region. A one-dimeusional model cannot include this effect and should therefore lead to an overestimation of the electron density. Another contributing factor is time dependent effects of the auroral event. As discussed by Rees et al. [ 1980] , an auroral event is a time dependent process in which various ion species respond to particle bombardment at different rates. To model this process rigorously requires a knowledge of the time history of the precipitation electron flux. It is possible that a steady state is not reached at the time of the overflight due to the sluggish response of the F region ionization. As a result, the electron density remains lower than that in the steady state, where it has higher value due to the decrease in the electron temperature.
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Electron Temperature (K)
The same as Figure 12 except for the electron temperature. Finally, the 2°longitudinal offset of the satellite pass over the Chatanika site may also contribute to this disagreement. Overall, despite the discrepancy between the experimental result and our model calculation, there is a good general agreement as to the morphology of the electron density profile.
The comparison of electron temperatures is shown in Figure   13 . While crude agreement in shape is seen, a significant difference between the radar-measured temperatures 
Ion Temperature (K)
The same as Figure 12 except for the ion at the upper altitudes, with the modeled temperatures being higher than the radar measurements.
Since the satellite measurement is used as the upper boundary condition for the satellite track code, this discrepancy may account for some of the disagreement at lower altitudes. It is impossible to determine whether instrumental effects or spatial changes in the electron temperature distribution are responsible for the discrepancy. The ion temperatures are illustrated in Figure 14 .
The model overestimates the ion temperature in the region below 300 km by as much as 400 K. Since the ion temperature is closely coupled with the neutral temperature in this region, most of difference is due to the overestimation of neutral temperature in the F region below the satellite orbit.
The comparison of radar-measured and modeled Hall and Pedersen conductivities are depicted in Figures 15 and 16, respectively. There is a good agreement between the model 
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Summary
We have developed a satellite track model. The major model inputs are measurements of the electron precipitation flux to determine ionization rates and of ion drifts to determine the Joule heating rates. The model has been used to study the ionospheric structure below the satellite pass (orbit 1222) and The same as l:r_gure15 except for the Joule Heat- 
